INTRODUCTION
Fungal pathogens are the most economically important pests of golf course turfgrass and accounted for over half of all golf course pesticide expenditures in 2009 (Breuninger et al. 2013) . Though some fungal pathogens are psychrophilic (cold-loving), the majority cause disease during the summer months when temperatures routinely exceed 25°C (Smiley et al. 2005 ). Most fungicide failures (i.e., disease development occurring following a fungicide application) also occur during the summer months, with the most common explanation being that pathogen activity is greater and/or host resistance is lower under hot and humid conditions (Calhoun 1973) . However, higher summer temperatures may also lead to more rapid fungicide dissipation and leave plants vulnerable to pathogen attack.
Of the six processes affecting fungicide persistence on turfgrass, four (volatilization, plant uptake, biotic degradation, and abiotic degradation) are directly or indirectly influenced by temperature (Sigler et al. 2000) . Though most research shows pesticide dissipation increases with increasing temperature in the soil (Walker 1978; Singh et al. 2002; Wang et al. 2004) , the conclusions on the impact of temperature on pesticide dissipation from the leaves of potato, tomato, peanut, and creeping bentgrass is ambiguous (Bruhn and Fry 1982; Elliott and Spurr 1993; Frederick et al. 1996; Lukens and Ou 1976; Sigler et al. 2002) . Since the majority of turfgrass diseases occur on the leaves, clarification on the impact of temperature on foliar fungicide persistence is needed to help clarify why fungicides sometimes fail during the summer months.
The primary objective of this experiment was to determine the dissipation of the fungicides chlorothalonil and iprodione over time at 10, 20, and 30°C on creeping bentgrass leaves. We hypothesized that dissipation of both fungicides would increase as temperature increased and provide a potential explanation of why fungicide failure more commonly occurs during periods of hot temperatures.
FUNGICIDE APPLICATION, SAMPLING, AND ANALYSIS
Fungicide treatments were applied to mature creeping bentgrass (Agrostis stolonifera L. 'Penncross') maintained at a 1.25-cm height and grown on a native silt loam soil at the O. J. Noer Turfgrass Research Facility in Madison, WI. The study consisted of four fungicide treatments (non-treated control, iprodione, chlorothalonil, and a tank mixture of both fungicides) and three temperature treatments (10, 20, and 30°C) in a randomized complete block design with four replications. The experiment was repeated twice during 2011 with initial fungicide applications occurring on 14 June 2011 (Experiment 1) and 2 August 2011 (Experiment 2). Chlorothalonil was applied as Daconil WeatherStik (Syngenta Crop Protection, Greensboro, NC) at the rate of 12.6 kg a.i./ha and iprodione was applied as Chipco 26GT (Bayer Crop Science, Kansas City, MO) at the rate of 3.1 kg a.i./ha. The tank mixture was a combination of chlorothalonil and iprodione applied at 12.6 kg a.i./ha and 3.1 kg a.i./ha, respectively. All fungicides were applied at a nozzle pressure of 276 kPa using a CO 2 -pressurized boom sprayer equipped with two XR Teejet 8004 VS nozzles (Teejet Technologies, Wheaton, IL). Both fungicides were applied in 814 liters water per ha.
Approximately 1 h following application, six 5-cm-diameter cores were harvested to a 4-cm depth from each of four replicate plots and immediately transferred to either a 10, 20, or 30 o C growth chamber at the Biotron Growth Facility on the University of Wisconsin-Madison campus. Temperature was held constant in each growth chamber at 10, 20, or 30°C with a 12-h photoperiod and constant 75% relative humidity. The cores were stored in their respective growth chambers for 0, 7, 14, 21, 28, or 35 days after application (DAA), after which fungicide analysis was performed. The root zones of cores were kept submerged in 2.5 cm of water to maintain plant hydration. In addition to cores from the growth chamber, two cores from each treatment were collected from the field plot at the O. J. Noer facility on each analysis date and analyzed alongside the cores from the growth chamber. The field plot was mowed and irrigated approximately three times per week to mimic conventional golf course management and to replace 100% of daily evapotranspiration as measured by the onsite irrigation system.
Concentrations of iprodione and chlorothalonil were analyzed using SmartAssay ELISA kits (Horiba, Kyoto, Japan) (Watanabe et al. 2006; Watanabe and Miyake 2007) . The kits were designed for detection of minute quantities of fungicide in water, grain, and fresh produce prior to public consumption and were modified for use on turfgrass. The full description of the modifications made and the analytical procedure can be found in Koch et al. (2013) . In brief, 0.2 g of turfgrass leaf tissue was clipped from each core and pulverized in methanol using an MP Biomedicals FastPrep-24 Tissue Homogenizer (MP Biomedicals, Solon, OH). The pulverized solution was centrifuged and the supernatant was extracted and diluted in 10% methanol either 200-fold (iprodione) or 10,000-fold (chlorothalonil) in order to increase the upper limit of detection of the kits. Following dilution, equal volume (150 l) of sample and horseradish peroxidase (HRP)-labeled fungicide was placed into an antibody-coated well, sealed, and allowed to react for 1 h at 24C. Following washing and the addition of stop solution, the absorbance in each well was measured at 450 nm using a Labsystems Original Multiskan Plus (Labsystems, Helsinki, Finland). Absorbance readings were converted to fungicide concentration using a regression equation line of standard fungicide concentrations provided by Horiba. Two standard concentrations of iprodione (1.5 µg/liter and 30 µg/liter) and chlorothalonil (0.15 µg/liter and 1.5 µg/liter) were used to calculate the regression line for each respective assay and reported as µg pesticide per g plant tissue.
Iprodione and chlorothalonil detected from approximately one-third of samples collected 0 to 14 DAA in both experiments were above the kit's upper limit of detection at the chosen dilution, though only a few samples collected 21 to 28 DAA had concentrations above the upper limit. Any values over the upper limit of detection of each assay (750 µg/g for chlorothalonil and 255 µg/g for iprodione) were converted to 750 µg/g and 255 µg/g prior to analysis. It is unclear why the detected values were higher in this study relative to results obtained using both GC/ECD and ELISA in a previous study since the rate of fungicide application and the analytical method were identical in each case (Koch et al. 2013) .
STATISTICAL ANALYSIS
Iprodione and chlorothalonil concentrations within each experiment were calculated as area under the curve (AUC) using the trapezoidal method. The AUC values were divided by the number of days in each experiment to allow for comparison between experiments to be made. Mean AUC values were subjected to an analysis of variance using PROC MIXED (Version 9.1; SAS Institute, Cary, NC) and means separated by the Tukey-Kramer method using the PDMIX macro in SAS (Saxton 1998) . Area under the curve values from each fungicide were analyzed independently due to different rates of each active ingredient applied. In addition, AUC values obtained from each experiment were analyzed independently. In the case of iprodione, AUC analyses were conducted independently due to differences in concentration observed (P ≤ 0.0001), while chlorothalonil AUC values were analyzed independently because the 35 DAA results in experiment 2 were discarded due to poor assay activity. Results obtained 35 DAA in experiment 2 were not included in the final analysis due to a lack of color reaction in the ELISA assay. Fungicide half-life was calculated by determining the dissociation rate constant (k) from the regression of the natural log of each fungicide concentration over time and dividing ln(2) by k (California Dept. of Pesticide Reg. 2012).
INFLUENCE OF TEMPERATURE ON FOLIAR FUNGICIDE PERSISTENCE
The overall dissipation of both iprodione and chlorothalonil over the course of both experiments as measured over time (Figs. 1 and 2) and by AUC (Table 1 ) was greatest at 30°C and lowest at 10°C, with concentration at 20°C generally intermediate between the two. These results clearly demonstrate that warmer temperatures increase the dissipation of both iprodione and chlorothalonil following application to turfgrass foliage. This influence can have important consequences for the use of both fungicides in turfgrass disease management. Iprodione is typically reapplied on golf course turfgrass every 14 to 21 days and chlorothalonil every 7 to 14 days, based on the manufacturer's label recommendation. Although these intervals are based on field efficacy trials, they do not account for variations in environmental conditions. The rapid dissipation of both fungicides at 30°C relative to 10°C suggests that disease protection is less persistent at higher temperatures, which may leave plants susceptible to pathogen infection during extended periods of warm temperatures. Conversely, increased persistence of both fungicides at 10°C may allow for extended reapplication intervals beyond the manufacturer recommendations when cooler conditions persist. This may limit unnecessary chemical exposure to the environment and provide financial benefits to the applicator during cooler times of the year. This research supports the conclusions from Koch et al (in press ) demonstrating that fungicides persisted for months in sub-freezing temperatures during the winter until rainfall or warmer temperatures occurred. Despite the impact of temperature on fungicide dissipation, the specific mechanisms responsible remain unclear. Iprodione is a localized penetrant fungicide, and as such is absorbed into the leaf apoplast (Latin 2011 ). Fungicides applied to leaf surfaces can take up to 7 days to fully absorb into the leaf, and even then upwards of 50% of the fungicide may remain bound to the lipid layers and accumulate in the plant cuticle (Latin 2011; Godwin et al. 1999) . Once absorbed into the leaf, numerous plant defense responses such as P450 monooxygenases may be upregulated following exposure to iprodione and rapidly degrade the parent molecule (Baker et al. 2002; Baker et al. 2005; Van Eerd et al. 2003) . These plant defense responses likely increase in activity at warmer temperatures, which may account for the increased dissipation of iprodione. Even chlorothalonil, a contact fungicide that resides primarily on the leaf surface, has been shown to induce plant detoxification responses following application to leaf surfaces (Kim et al. 2004) . It remains unclear, however, what role plant detoxification mechanisms play in chlorothalonil metabolism on the leaf surface.
In addition to plant metabolic activity, previous research has demonstrated the ability of soil bacteria to degrade iprodione and chlorothalonil (Walker 1987; Klose et al. 2010; Mercadier et al. 1997; Motonaga et al. 1998; Singh et al. 2002; Wang et al. 2004 ). Less research has been conducted on the impact of phyllosphere bacteria on pesticide dissipation; however, bacterial metabolism was shown to be an important factor in the dissipation of vinclozolin (a fungicide in the same chemical class as iprodione) on turfgrass leaves (Frederick et al. 1996) . In addition, microbial metabolism was identified as the primary means of pesticide decay on turf leaves in a review of 18 pesticides currently registered for use on turfgrass (Magri and Heath 2009) . Other factors such as leaf growth, photodegradation, rainfall, and volatilization have also been shown to impact iprodione or chlorothalonil depletion in simulated models or on potato, tomato, and creeping bentgrass foliage (Bruhn and Fry 1982; Lukens and Ou 1976; Monadjemi et al. 2011; Sigler et al. 2002) . Despite the likely influence of bacterial metabolism on iprodione and chlorothalonil depletion from turfgrass and other cropping systems, the degree of activity and the impact of temperature on phyllosphere bacterial communities remains unclear and warrants further research.
FIGURE 1
Iprodione and chlorothalonil concentration on creeping bentgrass following application of iprodione (A), chlorothalonil (B), or a tank mixture of both iprodione and chlorothalonil (C, D) during June of 2011 in Madison, WI. Cores were sampled 1 h following fungicide application and immediately placed in a 10, 20, or 30°C growth chamber for 0, 7, 14, 21, 28, or 35 days. Individual points represent average fungicide concentration over four replications and error bars indicate standard error of the mean. Non-treated controls were also analyzed for each temperature but the results are not displayed here due to negligible concentrations detected on most dates.
COMPARISON OF FIELD AND CONTROLLED ENVIRONMENT RESULTS
Iprodione and chlorothalonil half-life from samples in the controlled environment chambers were compared to samples collected from the field ( Table 2 ). The average daily temperature at the field site over the course of experiment 1 was 20.5°C and over the course of experiment 2 was 21.9°C. Despite field temperatures much closer to those observed in the 20°C growth chamber, iprodione and chlorothalonil field sample half-life was generally less than the half-life of cores from the 30°C growth chamber. The faster dissipation in the field relative to the warmest growth chamber could be the result of photodegradation from natural sunlight, volatilization, or rainfall events. In addition, regular mowing of the field plot three times per week likely physically removed significant portions of each fungicide from the turf system. Turfgrass grows primarily from the base of the plant, meaning that fungicides applied to the leaf blade will move upwards with the growing leaf blade and would regularly be removed by mowing (Latin 2006) . The results presented here suggest that at temperatures optimal for turf growth (20 to 25°C), a significant portion of the fungicide may be physically removed from the turf system by mowing in addition to bacterial and/or plant metabolism. However, it remains rare for disease to develop on turfgrass within one week of a fungicide application. This may be the result of fungi becoming inhibited following contact with the fungicide, requiring multiple days or weeks to grow and recover to the point of being able to infect the plant (Latin 2006 ). This important relationship between fungicide persistence and disease development remains unclear, however, and warrants additional research.
If physical removal significantly increases fungicide loss from a turfgrass system, then reduction in the amount of leaf area removed during each mowing could prolong fungicide persistence and disease suppression. Plant growth regulators such as trinexapac-ethyl are used regularly on golf courses to reduce vertical plant growth and increase stress tolerance of creeping bentgrass plants (Xu and Huang 2010) . Extended fungicide efficacy has previously been observed in turfgrass where fungicides were applied in combination with plant growth regulators (Burpee et al. 1996; Putman and Kaminski 2011) . At least a portion of this extended fungicide efficacy associated with plant growth regulators is likely due to reduced physical removal of the fungicides from the turfgrass canopy, and this relationship merits further investigation to determine the precise influence of growth regulators on pesticide persistence and the potential for reducing fungicide usage. Additional research into the general influence of various environmental factors on field depletion of fungicides is also warranted since the research displayed here focused primarily on fungicide persistence in a controlled environment chamber.
INFLUENCE OF FUNGICIDE MIXTURES ON FUNGICIDE PERSISTENCE
It has previously been shown that applying chlorothalonil in combination with other pesticides can decrease dissipation of the mix partner in the soil, presumably due to reduced microbial activity in response to the broad toxicological activity of chlorothalonil and its metabolites (Fogg et al. 2003; Singh et al. 2002) . However, our results indicate that dissipation from turf foliage was not impacted whether iprodione and chlorothalonil were applied together or alone (Table 1) . These results support previous research conducted by Koch et al. (in press ) that found no difference in dissipation when chlorothalonil and iprodione were applied together or alone on turfgrass during the winter months. Another study involving multiple pesticides mixed with the herbicide pendimethalin in the soil also demonstrated altered dissipation when applied as a mixture (Swarcewicz and Gregorczyk 2012) . It is unclear why our study did not observe altered dissipation when applied as a mixture, but possible explanations include whether the pesticides were measured on the foliage versus the soil, different environmental conditions present across studies, and the different pesticides investigated. Since pesticide mixtures have become commonplace across the agricultural and horticultural landscape, additional research into the interaction of pesticide mixtures with the environment following application is warranted.
CONCLUSION
Disease management in a turfgrass system is complex and influenced by host resistance, pathogen virulence, environmental conditions, and the presence of fungicides. The activity and persistence of fungicides on the leaf blade is a critical component in effective disease management, and it is clear from this research that temperature plays a significant role in the persistence of two commonly used turfgrass fungicides. Rather than relying on the manufacturer's recommended reapplication interval regardless of the environmental conditions present, future turfgrass managers may consider temperature and other environmental factors when deciding when to properly reapply fungicides. This would result in more effective disease management during periods of rapid fungicide dissipation and fewer unnecessary fungicide applications when dissipation is reduced. 
